Abstract: A significant amount of recycled asphalt pavement (RAP) material is produced from flexible pavement rehabilitation projects. RAP can be used as a base course material for sustainable pavement construction. Performance of a pavement largely depends on the strength of its foundation, which consists of the subgrade and base course layers. Geocell was used in this study to increase the strength of RAP bases. Nine large-scale laboratory cyclic plate loading tests were conducted on unreinforced and geocell-reinforced RAP bases with three different thicknesses (150, 230, and 300 mm) over weak and moderate subgrades to investigate the influence of geocell confinement, base course thickness, base course strength, and subgrade strength on permanent and resilient deformations of RAP bases. The subgrade was prepared by mixing Kansas River sand with kaolin and compacted at weak [target California bearing ratio ðCBRÞ¼2%] and moderate (target CBR ¼ 5%) strengths. The test results showed that geocell confinement improved the performance of reinforced RAP bases by reducing permanent surface deformations and increasing resilient deformations and percentages of resilient deformation as compared with those of unreinforced bases. The RAP bases over the moderate subgrade performed better than those over the weak subgrade. Subgrade strength had a more pronounced effect than geocell confinement on the properties of RAP bases. Geocell confinement was more beneficial for the bases over the weak subgrade than those over the moderate subgrade. The relative improvement factors (RIFs) of the reinforced bases with respect to the unreinforced bases and the bases over the moderate subgrade with respect to the bases over the weak subgrade ranged from 1.1 to 11.4 and 1.2 to 17.2, respectively. The permanent deformation increased with the number of loading cycles and the RIFs increased with the permanent surface deformation of RAP base sections.
Introduction
According to the National Asphalt Pavement Association (NAPA), the United States has more than 2.7 million km of paved roads, of which 94% are flexible pavements (NAPA 2016) . Flexible pavements that have reached the end of their service life are frequently rehabilitated by removing existing asphalt surfaces and replacing the removed portion with new hot-mix asphalt (HMA) . A large amount of recycled asphalt pavement (RAP) material is created every year during the rehabilitation and reconstruction of existing flexible pavements. RAP is obtained either by milling or a fulldepth recovery method. Milling involves the mechanical removal of up to 50-mm-thick asphalt pavement in a single pass, whereas a full-depth recovery method uses a pneumatic pavement breaker or rhinoceros horn attached to a bulldozer to remove the entire asphalt pavement (Viyanant et al. 2007 ). According to the NAPA, the United States produced approximately 500 million t of asphalt pavement material each year. Surveys conducted by the North Carolina Department of Transportation (NCDOT) on behalf of the Federal Highway Administration (FHWA) and AASHTO in 2007 and 2009 showed that use of RAP was increasing across the nation (Copeland et al. 2010) . Approximately 100 million t of RAP were used by different transportation agencies in the United States each year in the 2000s, compared with 72 million t used annually in the early 1990s (Copeland et al. 2010) .
The FHWA supports the use of RAP as an alternative to virgin aggregate and asphalt in pavement construction. Papp et al. (1998) reported that use of RAP as a granular base material in pavement construction can be a sustainable option for pavement construction. According to the Recycled Material Research Center (2008) , typical RAP contains 3-7% asphalt binder and 93-97% aggregate. Literature reveals that use of 100% RAP could not produce base course of high quality . Several studies have been conducted in the past to improve the performance of RAP bases by blending RAP with virgin aggregates and stabilizing RAP using chemical additives (Abdelrahman et al. 2010; Attia 2010; Bennert et al. 2000; Bennert and Maher 2005; Clary et al. 1997; Cosentino et al. 2012; Garg and Thompson 1996; Guthrie et al. 2007; Kim and Labuz 2007; Li et al. 2007; Taha et al. 1999; Wen and Wu 2011; Wen et al. 2010) . However, limited research has been conducted to investigate the performance of RAP stabilized with geosynthetics, especially geocell. Clary et al. (1997) , Bennert et al. (2000) , Abdelrahman et al. (2010) , and Cosentino et al. (2012) conducted resilient modulus (M R ) tests on RAP blended with aggregates and found that an increase of the virgin aggregate content in the blends reduced M R and permanent deformation of blended samples. Li et al. (2007) and Wen et al. (2010) conducted M R tests on fly ash-stabilized RAP samples and found that an increase of the fly ash content increased 1 M R . Taha et al. (1999) , Bennert and Maher (2005) , Guthrie et al. (2007) , and Cosentino et al. (2012) conducted California bearing ratio (CBR) tests on blended RAP samples and found that an increase of the virgin aggregate content in the blends increased CBR of blended samples. Li et al. (2007) conducted CBR tests on fly ash-stabilized RAP samples and found that an increase of the fly ash content increased the CBR value of fly ash-stabilized RAP. Garg and Thompson (1996) , Bennert et al. (2000) , Kim and Labuz (2007) , Attia (2010) , and Wen and Wu (2011) found that the permanent deformations of blended RAP aggregate specimens decreased with an increase of virgin aggregate in the blends. Wen et al. (2010) found that the fly ash-stabilized RAP specimens had lower permanent deformations than the virgin RAP specimens. Mohammadinia et al. (2014) conducted a series of unconfined compression tests and repeated-load triaxial tests on cement-treated construction and demolition (C&D) materials, such as RAP, recycled concrete aggregate (RCA), and crushed brick (CB). They found that RAP showed highest strengths with the same cement content, curing period, and confining pressure followed by RCA and CB, and the resilient modulus of C&D materials increased with an increase of cement content, curing period, and confining pressure. Arulrajah et al. (2014) conducted large-scale direct shear tests on unreinforced and geogrid-reinforced C&D materials such as RAP, RCA, and CB and found that geogrid-reinforced RCA exhibited the highest interface peak and residual shear strengths followed by geogrid-reinforced CB and geogrid-reinforced RAP. Dong and Huang (2014) conducted repeated triaxial and creep tests on unbound RAP, crushed limestone, and crushed gravel with the same gradation and prepared at the same compaction level. They found that unbound RAP exhibited higher resilient modulus, permanent deformation, and creep deformation compared with crushed limestone and gravel. They also suggested not to use unbound RAP as a base material in construction of asphalt pavement. Thakur and Han (2015) summarized the recent development of RAP bases treated for highway construction.
Geosynthetics, including geocells, have been used to improve the performance of unpaved and paved roads (Han 2015) . Most studies on geocell reinforcement to date have been based on sand or aggregate as infill materials. Very limited studies Bortz et al. 2012; Thakur et al. 2012 Thakur et al. , 2013 have been conducted on geocell-reinforced RAP bases and indicated that threedimensional polymeric geosynthetic cells, commonly known as geocells, can be successfully used to improve the performance of RAP bases. Thakur et al. (2013) conducted medium-scale laboratory static plate loading tests on unreinforced and geocellreinforced RAP bases over rigid subgrade to investigate the benefits of geocell confinement on creep deformation behavior and stiffness of geocell-reinforced RAP bases. They concluded that geocell confinement increased the stiffness and reduced the creep deformation of the RAP bases. Bortz et al. (2012) conducted moving wheel tests on asphalt pavements with unreinforced and geocellreinforced bases with different infill materials. They concluded that geocell-reinforced RAP bases performed as well as the geocellreinforced well-graded aggregate base. They also found that pavements constructed over a strong subgrade performed better than those constructed over a weak subgrade. Han et al. (2011) conducted moving wheel tests on unpaved roads with unreinforced and geocell-reinforced RAP bases and found that the geocell reduced the rut depth and vertical stress transferred to the subgrade by distributing the load over a wider area. However, moving wheel tests are costly and only a limited number of tests can be performed. Han et al. (2012) conducted large-scale cyclic plate loading tests on asphalt pavements with unreinforced and geocell-reinforced RAP bases over moderate subgrade. Thakur et al. (2012) conducted large-scale laboratory cyclic plate loading tests on unreinforced and geocell-reinforced RAP bases over weak subgrade and concluded that geocell improved the performance of RAP bases by reducing the surface permanent deformation and vertical stress at the interface of base and subgrade, and by increasing the percentage of resilient deformation. They found that the geocell-reinforced RAP bases showed a stable response, whereas the unreinforced RAP base showed an unstable response. Han and Thakur (2015) summarized the recent research on the sustainable roadway construction using recycled aggregates with geosynthetics. They also reported that geocell-reinforced RAP used as base course material is a sustainable pavement construction technology.
However, no study has been conducted to investigate the effect of subgrade strength on the performance of geocell-reinforced RAP bases under cyclic loading. In this study, four cyclic plate loading tests were conducted on unreinforced and reinforced RAP bases over weak subgrade (target CBR ¼ 2%) while five cyclic plate loading tests were conducted on unreinforced and geocellreinforced RAP bases over moderate subgrade (target CBR ¼ 5%). These tests were conducted in a large test box to investigate the benefits of geocell confinement, base thickness, and base and subgrade strengths in improving the performance of RAP bases. The improvement in the performance is presented in terms of reduction in the permanent surface deformation and increase in the resilient deformation. The reduction in permanent deformation is presented in terms of relative improvement factor (RIF).
Test Materials
Base Material RAP material brought from R.D. Johnson Excavating, (Lawrence, Kansas) was used as the base course layer for all test sections. The properties of the RAP material were determined by laboratory tests following different ASTM standards and are presented in Table 1 . The fine and coarse aggregates were extracted from RAP by an ignition method, whereas asphalt was extracted by a centrifuge method for determining its properties. Fig. 1 shows the gradation curve of the RAP aggregate extracted by the ignition (ASTM 2009b) method. The modified Proctor compaction and unsoaked CBR curves for RAP are shown in Fig. 2 . The RAP had a maximum dry density of approximately 1.96 g=cm 3 at an optimum moisture content of 6.6%, and a CBR value of 24.8% at 5.3% moisture content and a CBR value of 24.2% at its optimum moisture content.
Subgrade
A mixture of 25% kaolin and 75% Kansas River (KR) sand was used as a subgrade layer for all test sections. The poorly graded subrounded KR sand had a mean particle size ðd 50 Þ¼0.54 mm, coefficient of curvature ðC c Þ¼0.95, coefficient of uniformity ðC u Þ¼3.1, and specific gravity = 2.62 (Pokharel et al. 2010 ). Fig. 1 shows the gradation curve of the KR sand. The liquid and plastic limits of the subgrade soil were found to be 30 and 22%, respectively. The standard Proctor compaction and unsoaked CBR curves of the subgrade with moisture content (%) are shown in Fig. 2 . The subgrade had a maximum dry density of approximately 2.01 g=cm 3 at an optimum moisture content of 10.8%, and a CBR value of 2% at 11.4% moisture content and a CBR value of 5% at 10.4% moisture content.
Geosynthetics
A novel polymeric alloy (NPA) geocell and a 99.65-g nonwoven geotextile were the two types of geosynthetics used in this study. The geocell was used for RAP base stabilization, whereas the geotextile was used at the interface of base and subgrade as a separator in all the reinforced test sections. The geocell provided by PRS Mediterranean Ltd. (Tel-Aviv, Israel) had a wall thickness of 1.1 mm, heights of 100 and 150 mm, and two holes of 100-mm 2 area on each pallet. The properties of the geocell and the geotextile are provided in Table 2 and were same as those reported in Thakur et al. (2012) .
Test Equipment
Large-scale cyclic plate loading tests were conducted in a steel box in the geotechnical laboratory at the University of Kansas. The overall dimensions of the box were 2.2 m long, 2 m wide, and 2 m high. Unpaved road test sections were constructed inside the box. The bottom and three sides of the box were fixed by steel plates, which were reinforced with square steel tubing. The front of the box had detachable steel channel sections 150 mm high, which were fixed with nuts and bolts to permit the construction of test sections. A servohydraulic MTS (Eden Prairie, Minnesota) loading system was used to apply a cyclic load on test sections in the box. The loading system consisted of a loading frame, a hydraulic actuator, and a servo-control unit. A hydraulic actuator with a load capacity of 245 kN was used to apply a cyclic load on the steel loading plate that was seated on the surface of a test section. This cyclic load wave had a 2.0-s initial period in which a small load of 0.5 kN was held constant, followed by a linear load increase from 0.5 to 40 kN over a 0.3-s rise time, followed by a 0.2-s period in which the load was held constant, followed by a linear load decrease from 40 to 0.5 kN over 0.3 s, and finally followed by a 0.5-s period of 0.5 kN load before the load cycle was repeated. This load wave had a frequency of 0.77 Hz. The loading plate connected to the actuator was 300 mm in diameter and 30 mm thick. A 10-mm-thick rubber pad was attached to the bottom of the loading plate to ensure full contact with the base and minimize stress concentration at the edge of the plate. The initial 2-s period represents the application of the seating load. The peak load of 40 kN and the loading plate 300 mm in diameter were used in cyclic load tests to simulate a single wheel load (equivalent to an axle load of 80 kN and a tire contact pressure of 550 kPa). The tire pressure of 550 kPa is commonly used in practice to represent a truck wheel on roadways. Qian et al. (2011 , and Thakur et al. (2012) have used the same loading wave to conduct cyclic loading tests. A servocontrol unit was connected to a data acquisition system and a hydraulic control valve.
Test Section Preparation
Nine unpaved road test sections were prepared in the large test box. Four (one unreinforced and three geocell-reinforced) and five (two unreinforced and three geocell-reinforced) bases were prepared over weak (target CBR ¼ 2%) and moderate (target CBR ¼ 5%) subgrade, respectively. Each test section included a 1.0-m-thick subgrade soil layer prepared and compacted by a vibratory plate compactor in eight lifts (150 mm each for the bottom 600-mm-thick subgrade and 100 mm each for the remaining 400-mm-thick subgrade) at 11.4 and 10.4% moisture contents to obtain target CBR values of 2 and 5%, respectively. The subgrade strength was checked by vane shear testing [ASTM 4648-05 (ASTM 2016b) ] during the subgrade preparation. According to ASTM 4648-05, torque was applied at a rotation rate of 60 to 90°=min to the vane during testing. The vane shear test device directly measured the undrained shear strength (C u ) of the subgrade, and then the subgrade CBR was estimated by using the correlation CBR ¼ C u =20.5 (Pokharel et al. 2010) , where C u is the undrained shear strength of subgrade in kilopascals. After preparation of the subgrade at the desired CBR, four strain gauge-type earth pressure cells 11.3 mm thick with 50 mm outer diameter, 46 mm sensing area diameter, and 160 g weight were installed on top of the subgrade. The earth pressure cells having the maximum capacities of 500, 500, 250, and 250 kPa were installed at the center and 12.5, 25, and 50 mm away from the center of the loading plate, respectively. The reinforced bases constructed over weak and moderate subgrade were 150, 230, and 300 mm thick. The unreinforced bases constructed over moderate subgrade were 150 and 300 mm thick, while that constructed over weak subgrade was 300 mm thick. For the 150-and 300-mm-thick unreinforced RAP base, RAP was placed on top of the subgrade and compacted by a vibratory plate compactor in lifts (100 or 50 mm each). A layer of geotextile was placed on the top of the subgrade in the reinforced sections. For the 150-and 230-mm-thick reinforced RAP bases, 100-and 150-mm-high geocells were installed on the top of the geotextile, respectively, and then were filled with RAP and compacted by hand tamping inside each cell. A RAP cover approximately 50 or 80 mm thick was added on the filled geocell for the 150-or 230-mm-thick section for the protection of geocells. The cover material was compacted by the vibratory plate compactor. Similarly, the 300-mm-thick reinforced base was prepared in four lifts and two geocell layers (i.e., 100-mm-high geocell plus a 30-mm-thick cover and 100-mm-high geocell plus a 70-mm-thick cover). There are common heights of geocells used in practice. The required base thickness can be maintained by changing the cover thickness and the cell height. Fixing the cover thickness may result in a geocell height that is not available for products in the market. In this study, the cover thickness of 30-80 mm was chosen to simulate the thickness of base course usually used in the field, such as 150, 230, and 300 mm. For each test section, the RAP material of each lift was compacted to a target density corresponding to 95% of the maximum dry density on the drier side of the compaction curve within 2% range of moisture content. The quantities (weights) of subgrade and RAP materials for each lift were calculated by multiplying the moist density of the material by the volume of each lift to fill in the box.
The strengths of subgrade and base course were determined by conducting dynamic cone penetration (DCP) tests 1 day after the preparation of the base course. The CBR values of subgrade and base course were estimated by using the correlation CBR ¼ 292=ðPIÞ 1.12 (Webster et al. 1994) , where PI represents the penetration index in millimeters per blow (calculated based on the amount of penetration per blow). The amount of penetration for each blow was measured in millimeters and is noted here as penetration index (PI).
The CBR values at different depths were calculated using the aforementioned correlation and then the average CBR was calculated and reported in Table 3 . The density of the base course was also verified by conducting sand cone tests after the plate loading test.
Instrumentation
Five strain gauge-type displacement transducers manufactured by Tokyo Sokki Kenkyujo, (Tokyo, Japan) were used to measure surface deformations of the RAP bases. Two transducers with a 100-mm range were installed on the loading plate, one with a 100-mm range was installed 250 mm away from the center, and two displacement transducers with a 50-mm range were installed 500 and 750 mm away from the center of the loading plate, respectively. The transducers installed away from the center were seated on small metal plates placed on the top of the base course.
All the transducers were mounted on a steel reference beam set at the top of the test box as shown in Fig. 3 . The vertical stresses at the interface of subgrade and base course and the surface deformations were measured by pressure cells and displacement transducers, respectively. Four smart dynamic strain data recorders (Model DC-204R, Tokyo Sokki Kenkyujo, Tokyo, Japan) were used to record the data measured by all sensors. One recorder was used as a master while the other three served as slaves and were synchronized with the master recorder. A total of 16 connection ports (four on each recorder) were available for recording data. The accuracies of earth pressure cells and displacement transducers were 0.001 kPa and 0.01 mm, respectively. The test box, the loading type, the loading system, and the instrumentation were the same as those used by Thakur et al. (2012) . This paper will focus on the analysis of the deformation data measured by the displacement transducers. The 300-mm-thick reinforced base over weak subgrade and the 300-mm-thick unreinforced base over weak subgrade sections are represented by 300 mm R_W and 300 mm UR_W, respectively, while the 300-mm-thick reinforced base over moderate subgrade and the 300-mm-thick unreinforced base over moderate subgrade sections are represented by 300 mm R_M and 300 mm UR_M, respectively. Similar representation also holds for other remaining sections for ease of presentation.
Test Results and Discussions

Quality Control Test Results
The required strengths of base and subgrade layers were checked by conducting five vane shear tests at five different locations just after preparation of a subgrade and four DCP tests at four different locations 1 day after the preparation of a base course within the test box. less-compacted 230-mm-thick reinforced base course over weak subgrade had poorer performance than other sections, which will be discussed subsequently.
Permanent Surface Deformation
Thompson and Smith (1990) reported permanent deformation or rutting as the most common criterion to determine the performance of roads. The total surface deformations for each loading cycle were measured by the displacement transducers installed on top of the prepared sections. The total deformation consisted of permanent and resilient deformations. The permanent and resilient deformations for each loading cycle were separated from the total deformation and are presented separately in this paper. The permanent deformation of the loading plate reaching at least 75 mm was used as the criterion to terminate each cyclic loading test. This criterion was used by Hammitt (1974) and Giroud and Han (2004a, b) to define the failure of unpaved roads. The permanent surface deformation at the center of the loading plate was calculated by averaging the permanent deformation values recorded using two displacement transducers installed on top of the loading plate, while the permanent surface deformations at the locations away from the center of loading plate were kept the same as those recorded by the displacement transducers installed at each particular location. The permanent surface deformations at the center of the loading plate versus the number of loading cycles for 150-, 230-, and 300-mm-thick bases over weak and moderate subgrade are shown in Figs. 5(a-c), respectively. The permanent deformation increased with the number of loading cycles. The rate of increase in the permanent deformation decreased with an increase in the number of loading cycles. All geocell-reinforced sections had lower permanent deformations and rates of increase in permanent deformations than the corresponding thick unreinforced sections under the similar condition of construction. The thicker base sections had lower permanent deformations than thinner bases under similar conditions of construction. The surface permanent deformation was mostly contributed by the weak subgrade. Thakur et al. (2012) showed that the vertical stress at the interface of subgrade and base course was lower for the thicker section than the thinner section. Therefore, the thicker section resulted in smaller surface permanent deformations than the thinner section. The 230 mm R_W experienced higher permanent deformations than the 150 mm R_W. This result was due to the lower CBR value of the base resulting from less compaction in the 230 mm R_W section. The sections constructed over the moderate subgrade had lower permanent deformations than those over weak subgrade. The unreinforced bases over the moderate subgrade had lower permanent deformations than the corresponding thick reinforced bases over the weak subgrade. This indicates that geocell confinement and subgrade strength played vital roles in improving the performance of test sections. The subgrade strength had a more significant effect than the geocell confinement in reducing permanent surface deformations.
Relative Improvement Factor
To demonstrate the effects of different influence factors on the improved performance of road sections, a relative improvement factor is introduced in this paper. The RIF is calculated by the ratio of the number of loading cycles for the strong section at a certain permanent deformation to that for the weak section at the same permanent deformation. The RIF versus permanent deformation curves were plotted to demonstrate the influence of four factors (i.e., base thickness, geocell reinforcement, base strength, and subgrade strength) on the improved performance of unpaved roads with RAP bases.
To demonstrate the effect of one factor on the RIF, the other three factors were held constant. Fig. 6 presents the RIF versus permanent surface deformation curves for the 300-mm-thick unreinforced or reinforced base sections relative to the 150-mm-thick unreinforced or reinforced base sections to demonstrate the benefit of an additional 150 mm of RAP material. The RIF values of 300 mm R_W, 300 mm R_M, and 300 UR_M sections were calculated with respect to 150 mm R_W, 150 mm R_M, and 300 UR_M sections, respectively. The test results showed that an additional 150 mm of RAP material improved the performance of test sections by a factor of 1.1 to 2.7. All test sections had the largest RIF values at the highest The amount of the permanent deformation of the thin reinforced section increased rapidly during the first few loading cycles and then increased at a reduced rate after the geocell was mobilized. However, the permanent deformation of the thick reinforced section increased at a slower rate than the thin section during the first few loading cycles, then at a faster rate than the thin section until the geocell in the thick section was mobilized and then at a slower rate again after the geocell was mobilized. Thus the 300 mm R_W section shows an increase-decreaseincrease trend, whereas the 300 mm UR_M section shows an increase-decrease-constant trend. In addition, the base CBR in the 150 mm R_M section was a little higher than that in the 300 mm R_M section. The 150 mm R_M section deformed at a slower rate during the first few loading cycles than the 300 mm R_M section and therefore the 300 mm R_M section shows a decrease-increase trend. Fig. 7 presents the RIF versus permanent surface deformation curves for the 150-and 300-mm-thick reinforced base sections relative to the unreinforced base sections of the same thickness. The 150-and 300-mm-thick reinforced base sections consisted of one layer and two layers of 100-mm-high geocells, respectively. The test results showed that the geocell-reinforced bases improved the performance of the test sections by a factor of 1.1 to 11.4 relative to the corresponding unreinforced base sections. The reinforced sections with two layers of geocell had higher RIFs than the section with one layer of geocell. The RIF increased with an increase of the permanent deformation. This phenomenon is because the contribution of the geocell was more mobilized at a larger permanent deformation and improved the performance by the mechanism of the beam or tensioned membrane effect of the geocell-reinforced bases as reported by Thakur et al. (2012) . Thakur et al. (2012) also indicated that the 150-mm-thick reinforced base behaved as a tensioned membrane, while the 300-mm-thick reinforced base behaved as a slab with bending resistance and the 230-mm-thick reinforced base behaved as a slab first and then a tensioned membrane.
Effect of Base Thickness
Effect of Geocell Reinforcement
Effect of Base Course Strength
It would be ideal if two test sections had the same conditions except for the base course strength to investigate the effect of base course strength. These test sections did not exist in this study, so the performance of the thicker reinforced section with the lower base course strength (230 mm R_W) was compared with that of the thinner reinforced section with the higher base course strength (150 mm R_W) to demonstrate the effect of the base course strength. The CBR values of the base course for 150 mm R_W and 230 mm R_W sections were 11.4 and 6.3%, respectively. Fig. 8 presents the RIF versus permanent surface deformation curve for the 230 mm R_W section relative to the 150 mm R_W section. Even though the 230 mm R_W section was thicker than the 150 mm R_W section, the RIF of the 230 mm R_W section relative to the 150 mm R_W section ranged from 0.5 to 1.0. This result indicated that the 230 mm R_W section performed more poorly than the 150 mm R_W section. In other words, the strength of the base course played a more important role in the improved performance than the thickness of base course. Fig. 9 presents the RIF versus permanent surface deformation curves for the 150-, 230-, and 300-mm-thick reinforced bases and the 300-mm-thick unreinforced bases over moderate subgrade relative to weak subgrade. The RIFs increased with the permanent deformation. The test results showed that the RAP bases over the moderate subgrade withstood 1.2-17.2 times the number of cycles the corresponding bases over the weak subgrade did for the same deformations. From the measurements of vertical stresses at the interface of base course and subgrade, Thakur et al. (2013) found that the section prepared over moderate subgrade showed more stable response than that over weak subgrade. Thus, the moderate subgrade provided better support for the overlying base course layer than the weak subgrade and improved the performance of the test sections. The improvement depends on the deformations of the RAP base and the subgrade and the slab or tensioned membrane effect. Due to the combined effect, the exact reason for the amount of improvement for each test section is unknown. Numerical analysis is needed to separate the contribution by each component.
Effect of Subgrade Strength
Overall Performance A total of nine unreinforced and geocell-reinforced sections with three different base course thicknesses (150-, 230-, and 300-mm-thick base sections) and two different subgrade strengths (target CBR of subgrade = 2 and 5%) were compared with the weakest section (300 mm UR_W) to demonstrate the effect of the base course thickness, the geocell reinforcement, the subgrade strength, and the base course strength, among other things. The 300 mm UR_W section had the highest permanent deformations for the particular loading cycles and was considered the weakest section among all nine sections. The RIF value of each test section was calculated relative to the 300 mm UR_W section to determine the overall relative performance. Fig. 10 shows the RIF versus permanent deformation curve to demonstrate the relative performance of each test section with respect to the weakest test section (i.e., the 300 mm UR_W section). The test result showed that the 300 mm R_M section performed best, followed by the 230 mm R_M, 150 mm R_M, 300 mm UR_M, 150 mm UR_M, 300 mm R_W, 150 mm R_W, 230 mm R_W, and 300 mm UR_W sections. The 150 mm R_W section performed better than the 230 mm R_W section due to less compaction of the 230 mm R_W section resulting in a lower CBR value of the base in the 230 mm R_W section compared with that in the 150 mm R_W section. The degree of improvement shown in Fig. 10 was due to the combined effect of the base course thickness, the geocell reinforcement, and the base and sugrade strengths. The RIF values for all test sections ranged from 1.6 to 47.8.
Permanent Surface Deformation Profile
Figs. 11(a-c) show the permanent surface deformation profiles at the fifth loading cycle constructed using the deformation data recorded by five displacement transducers installed at the center of the loading plate and 250, 500, and 750 mm away from the center of the loading plate. The surface deformation profiles were assumed to be symmetric along the vertical axis. The fifth loading cycle was chosen for the purpose of demonstration because the weakest test section (i.e., the 300 mm UR_W section) failed after the fifth loading cycle. Only a small amount of compression was observed at a distance of 250 mm away from the center for all test sections except the 230 mm R_W and 150-mm-thick UR_M sections. These two sections showed a small amount of heave at 250 mm away from the center. All test sections constructed over the weak subgrade showed more compression at the center of the loading plate and more heave at 500 and 750 mm away from the center of the loading plate than the corresponding sections over the moderate subgrade. The unreinforced section showed more compression at the center and more heave at 500 and 750 mm away from the center than the corresponding reinforced sections. All test sections showed more heave at 500 mm away from the center of the loading plate than at 750 mm away from the center of loading plate. The thick sections had less heave and compression than the corresponding thin sections. The 300-mm-thick unreinforced base over the weak subgrade showed the largest amount of compression (i.e., 75.5 mm) and heave (i.e., 7.0 mm). Thakur et al. (2012) showed that the vertical stress at the interface of subgrade and base course decreased rapidly from 150 to 250 mm away from the center and then the stress decreased slowly with the farther distance. This stress distribution follows the typical layered elastic theory. Based on the stress-deformation relationship of a soil, the deformation is proportional to the stress, thus the observed surface permanent deformation satisfies this stress-deformation relationship. In addition, the permanent deformation beyond 250 mm away from the center was almost zero because this location was beyond the influence distance. The increase in the subgrade strength, the geocell reinforcement, and the base course thickness reduced the amount of surface heave and compression. This phenomenon can be justified by a beam on ground. According to the beam theory, hogging moment develops under the point of load application and sagging moment develops away from the point of load application. In addition, the subgrade under the load was compressed while the subgrade away from the center heaved. Thus, the largest compression was observed at the center of the loading plate and the largest heave was observed at the point away from the center of the loading plate. 
Resilient Deformation
The resilient deformation is defined as the rebound deformation of a test section under cyclic loading and can be obtained when unloaded from the maximum load (40 kN) to the minimum load (0.5 kN). The resilient deformation at each loading cycle was calculated by deducting the permanent deformation from the total deformation at that cycle. The amount of the resilient deformation at each cycle was then divided by the total deformation at that cycle to obtain the percentage of resilient deformation. The resilient deformation and percentage of resilient deformation at the center of the loading plate versus the number of loading cycles are shown in Figs. 12 and 13, respectively. The amount of resilient deformation and the percentage of resilient deformation increased sharply for the first few loading cycles and stabilized to a nearly constant value for each test section except for the 300 mm UR_W section. All reinforced sections had more resilient deformation and a higher percentage of resilient deformation than the corresponding unreinforced sections. This improvement resulted from the slab effect and/or tensioned membrane effect by the geocell-reinforced layer, which is similar to a tensioned membrane effect by a planar reinforcement at a large deformation (Thakur et al. 2012) . The reinforced sections constructed over the weak subgrade had more resilient deformation and a lower percentage of resilient deformation compared with those over the moderate subgrade. All reinforced sections constructed over the weak subgrade and the Fig. 12 . Resilient deformation at the center of the loading plate versus the number of loading cycles: (a) 150-mm-thick base; (b) 230-mm-thick base; (c) 300-mm-thick base resilient deformation (i.e., 10 mm). The 150 mm UR_M and the 300 mm UR_W sections had approximately the same maximum resilient deformation (i.e., 2.7 mm), while the 150 mm R_M, 230 mm R_M, and 300 mm R_M had approximately the same maximum resilient deformation (i.e., 6 mm). All test sections except for the 300 mm UR_W section shook down to a steady state showing resilient behavior. The 300 mm UR_W section did not shake down to a steady state and underwent continuous permanent deformation increase without showing much resilience. These results demonstrate that the geocell improved the resilient behavior of the RAP bases and the degree of improvement was higher for the sections over the weak subgrade than those over the moderate subgrade.
Conclusions
Nine large-scale laboratory cyclic plate loading tests were conducted on unreinforced and geocell-reinforced RAP bases with three different thicknesses (150, 230, and 300 mm) over weak and moderate subgrade to investigate the influence of geocell reinforcement, base course thickness, base course strength, and subgrade strength on the deformation behavior of RAP on the bases. The following conclusions can be made from this study:
• The amount and rate of the permanent deformation increased with the number of loading cycles; • The geocell reinforcement improved the permanent deformation performance of the geocell-reinforced RAP bases by a factor of 1.1-11.4 as compared with the unreinforced bases; • The increase of RAP base thickness by 150 mm improved the permanent deformation performance of the RAP base section by a factor of 1.1-2.7; • The strengths of base course and subgrade layers influenced the performance of the RAP base sections; • The increase of the subgrade CBR from 2 to 5% improved the permanent deformation performance of the RAP base sections by a factor of 1.2-17.2; • The thicker unreinforced and reinforced sections performed better than the corresponding thinner sections, the reinforced sections performed better than the corresponding unreinforced sections, and the sections with high subgrade and base course strengths performed better than the corresponding sections with low subgrade and base course strengths; • The increase in the subgrade strength, the geocell reinforcement, and the base course thickness reduced the amount of permanent surface compression and heave; • The geocell improved the resilient behavior of the RAP bases and the degree of improvement was higher for the sections over the weak subgrade than those over the moderate subgrade; and • The geocell-reinforced base sections and the base sections over the moderate subgrade showed a stable response, whereas the unreinforced base over the weak subgrade showed an unstable response. 
